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i. INTRODUCTION
The transportation sector accounts for 26% of total end-use energy consumption in the U.S., and 65% of petroleum use, and imported oil is projected to account for about 60% of total U.S. oil use in 2010, up from 42% in 1989. I The recent crisis in the Middle East, and the resultant increase in the price of oil in a short period of time, has created new concerns about U.S. dependence on imported oil. Due to its complete dependence on petroleum, the U.S. transportation sector is especially vulnerable to disruptions in the world oil market. Conserving transportation energy and reducing transportation petroleum consumption should become long-term national goals.
The use of electric vehicles (EVs) may reduce energy consumption and petroleum use in transportation. In this paper, we I) compare the primary energy consumption of EVs with that of ICEVs, and 2) estimate petroleum displacement by EVs.
From the 1973 oil crisis through the synfuels era, several studies examined the energy consumption of EVs, relative to that of gasoline internal combustion engine vehicles (ICEVs) ( Table I ). These studies projected electricity consumption of EVs and the gasoline consumption of comparable ICEVs, and then back-calculated primary energy consumption. These studies came to widely different conclusions, however, primarily because of different assumptions about future EV technologies, power plant efficiency, and the primary energy sources used to produce gasoline for ICEVs and electricity for EVs. 
There has not been comparison of energy consumption between EVs and
ICEVs since the early 1980s. Since then, EV technology has been improved considerably. The advances in EV technology, and the availability of better data on the energy efficiency of converting primary energy sources to final energy products, make it desirable to perform an updated and detailed analysis.
APPROACH
Throughout this paper, the energy efficiency of a process is defined as the energy output from the process divided by the energy input to the process, where input energy includes process energy as well as the energy resource.
"Primary" energy is the in-place energy resource: petroleum in oil fields, natural gas in gas fields, coal in coal mining sites, and biomass in the fields, and so on. Final energy products are the energy products, such as gasoline and electricity, that are used directly in vehicles.
We calculate the primary energy consumption of EVs and gasoline-fueled ICEVs in several steps. First, we predict ICEV fuel economy (in miles per gallon, MPG) and EV electricity consumption (in Kwh per mile). Because energy efficiency will improve over time, as battery and powertrain technology improves, as will ICEV fuel economy, power plant conversion efficiency, and the efficiency of other conversion processes, we target our analysis for two years, 1995 and 2010, which feature different efficiency assumptions.
Second, we estimate the energy efficiency of converting primary energy sources to final energy products, using data on energy use at each step of the fuel cycle: primary energy production (e.g., petroleum recovery), feedstock transportation, conversion to final energy products (e.g., petroleum refining), and product transportation (e.g., gasoline distribution). We consider four primary energy sources: petroleum, coal, natural gas (NG), and woody biomass. + We choose lignocellulosic biomass, rather than crops, because lignocellulosic is more abundant and less expensive. We assume that trees will be grown in plantation fields using short-rotation intensivecultivation.
The four primary energy sources (petroleum, coal, NG, and biomass) and the two final energy products (gasoline and electricity) result in eight conversion processes: petroleum to gasoline, petroleum to electricity, coal to gasoline, coal to electricity, NG to gasoline, NG to electricity, biomass to gasoline, and biomass to electricity. Of these, we ignore the process of + Oil shale can be recovered and converted into petroleum liquids, and used to produce gasoline or electricity. Since the extra two stages of the shale-oil cycle (oil shale recovery and conversion) relative to the crude-oil cycle apply to both gasoline and electricity production from oil shale, the inclusion of these two stages would not change EV primary energy consumption, relative to ICEV energy consumption. The relative energy impact of EVs with oil shale as the primary source is the same as the impact with petroleum as the primary source. For this reason, we did not consider oil shale as a separate primary source.
converting NG to gasoline, because NG is more likely to be converted to methanol or compressed NG for transportation use.
The analysis thus includes four types of power plants: oil-, coal-, NG-, and biomass-fired. Although electricity also is generated from hydropower, nuclear, wind, solar, and geothermal power, we did not consider them in the analysis, because there is no parallel way of using them for ICEVs, and because energy consumption in Btu for these sources is less meaningful than for the others. The projected fuel economy for three vehicle types is shown in Table 2 .
We have also presented vehicle weights in Table 2 , since, as we shall see, baseline vehicle weight is important in determining the efficiency of the heavier EV (relative to the baseline ICEV). Where electricitYev is EV electricity consumption in KWh per mile (from the wall outlet), 125,000 is the heating value of gasoline (Btu per gallon),
MPGicev is ICEV MPG, 3412 is the energy conversion factor from KWh to Btu, P(ev/icev) is EV energy consumption (battery to wheels) over ICEV energy consumption (fuel tank to wheels), Bev is EV battery efficiency, Cev is charger efficiency, and Wev
is Efficiency penalty of extra EV weight (relative to ICEV weight).
We next present our estimates of the above components. Table 2 to estimate EV electricity consumption in 1995 and 2010.
EV Energy Consumption over ICEV Energy Consumption (P(ev/icev))
Using existing test data on the energy consumption of EVs and comparable ICEVs, we calculated the ratio of EV energy consumption (from the battery to the wheels) to ICEV energy consumption (from the fuel tank to the wheels) (Table 3 ). In calculating this ratio, we factored out the effect efficiency of the extra weight of the EV, because we consider this weight effect separately. To do so, we need to know the relationship between weight and efficiency. Several studies have indicated that a 10% change in vehicle 19-22 weight causes a 6% change in vehicle efficiency. The EV relative energy consumption is calculated based on tested results over city driving cycles for both ICEVs and EVs. The EV relative energy consumption would be higher if the tested results over highway driving cycles were used. We use city-cycle results because EVs probably will be used for urban trips.
We do not consider the energy consumption of air conditioning systems.
Since the air conditioning system of a gasoline ICEV is not used during the fuel economy test, the exclusion of air conditioning in our comparison should not affect EV energy impacts relative to ICEV energy consumption, unless EV air conditioning systems are very different from ICEV air conditioning systems, which is unlikely. Table 4 . Different battery technologies, such as lead/acid (Pb/acid), sodium/sulfur (Na/S), nickel/iron, zinc/bromine, zinc/air, iron/air, nickel/cadmium, aluminum/air, and lithium-aluminum/iron sulfide, are currently being researched and developed. 33 The 1995 case assumes advanced Pb/Acid batteries, while the 2010 case assumes advanced Na/S batteries. (Table 5) based on various studies. I0, 42-46 Using the projected EV range and the assumptions of battery energy density (Table 4) , we calculate the battery weight for the three types of EVs: sub-compact cars, small vans, and large vans. We then estimate the increase in overall EV weight by considering the battery weight, the weight reduction in the EV powertrain, and the weight increase due to the structural support of the battery, finally, we calculate the EV efficiency loss due to the extra weight by assuming a 6% decrease in vehicle efficiency for a 10% increase in vehicle weight, as discussed above.
Calculation of EV Electricity
Consumption from the Outlet With the preceding results, we calculate EV electricity consumption in Kwh per mile from the electric outlet (Table 5 ). The results, presented in Table 5 Higher fuel prices in the future, together with the potential efficiency gains of advanced technologies, will eventually help these technologies be deployed.
Poorer quality fuels will be used in power plants as better quality fuels become more expensive, and other things being equal, this can reduce plant efficiency. Power plant emission regulations also reduce plant efficiency. The gasifier steam-injected gas-turbine technology has high conversion efficiency, low unit capital cost, and low emissions, which leads to low cost per KWh electricity generated, relative to direct combustion biomass plants. [60] [61] We summarize heat rates and the corresponding conversion efficiencies for different types of plants in Table 6 . The average heat rate of the U.S. electric utility system. We used EIA's 1989 data on fuel input and electricity output for three types of plants (coal-fired, oil-fired, and gas-fired) to calculate these heat rates. e The average heat rate of gas turbine systems in Michigan and New Jersey with a capacity of 2,041MW of gas turbine units. f The heat rate of the best coal-fired units projected for 1990.
g The projected heat rate of the IGCC system at the coal-fired facility in Cool Water, California. h Pressurized fluidized bed combustion with the gas turbine/steam turbine combined cycle. i IGCC system with slagging gasifier, Prenflo gasifier, and Texaco gasifier. J Like the simple cogeneration cycle, except that steam not needed for heating is injected into the combustor to increase power output and electric efficiency. k Like a steam-injected gas turbine with full steam injection, except with an intercooler between the compressor stages, which allows for operation at a much higher turbine inlet temperature.
The data in Table 6 show that coal-fired plants with current combustion technology achieve a conversion efficiency of 32.4-34.5%; oil-fired, 31%; and gas-fired, 31.2-31.4%. With advanced technology, coal-fired plants can achieve a conversion efficiency of 34.4-44.8%; gas-fired, 40.2-47%; and biomass-fired, 32.5-38.4%. In the long run, the use of advanced combustion technologies will increase power plant efficiency. In the short run, power plant efficiency can be improved through efficiency-improving programs.
Starting with the efficiency of current plants, the rate of addition of new capacity, the efficiency of new plants, and efficiency improvements to Table 7 .
To project the average efficiency in 2010, we assume that old generators are retired at an annual rate of 2.5% (based on an average 40-year life of plant), and that electricity sales grow at an annual rate of 2.3%. 68 We assume that 1.5% out of the 2.3% increase in sales is satisfied by new capacity. To meet the 1.5% increase in electricity sales, the addition of new capacity for different types of plants will be different. The EIA projects that electricity sales from coal-fired plants will increase by 65% in the next 20 years; gas-fired plants by 131%; and oil-fired plants by negligible amount. 68 Considering the share of total electricity sales from each type of plants, we assume that electricity sales from coal-fired plants will increase by 1.3% per year between 1996 and 2010; gas-fired, 2.6%, and oil-fired, 0%.
Therefore, to meet both the increase in electricity demand and the decrease in electricity supply due to the retirement of old generators, the capacity of new coal-fired plants will increase by 3.8% per year between 1996 and 2010; gas-fired, 5.1%; and oil-fired, 2.5%. We assume that the efficiency of 1995 existing plants will increase by 1.5% by 2010. We also assume the following efficiencies for the new plants built after 1995: 39% for coal and oil plants (we did not assume that all coal plants and oil plants would be combinedcycle), and 43% for gas plants (we assumed most of gas plants built would combined cycle). With these assumptions, we calculate the average efficiency by power plant in 2010 (Table 7) .
Because currently there are essentially no biomass-gasifier gas turbine facilities, we assume that the averaged efficiency of biomass-fired plants existing in 1995 and in 2010 will be close to the efficiency of new biomassfired plants. We used 32.5% in 1995 and 38% in 2010 as the efficiency of biomass-fired plants. 
Petroleum Displacement by EVs
The transportation sector is completely dependent on petroleum-derived fuels, and is the largest petroleum-consuming sector in the U.S. economy. To reduce the vulnerability of the transportation sector and of the nation to disruptions in the world oil market, petroleum consumption in transportation must be reduced. EVs are potentially effective displacers of petroleum, because petroleum is a minor fuel input to electricity generation. This potential was recognized by the Electric and Hybrid Vehicle Act of 1976 which was designed to reduce U. S. dependence on imported petroleum. 69
Below, we estimate per-mile petroleum displacement by EVs, by accounting for the use of oil to generate electricity and the use of petroleum products (gasoline, diesel, and residual oil) for the recovery, transportation, refining, and distribution of both power plant fuels and gasoline. Table 8 presents the mix of fuels used to generate electricity.
Nationwide, petroleum accounts for a small portion of fuel input, while coal accounts for over half of fuel input. Table 8 also shows the fuel mix of current electric systems in four major U.S. cities: Chicago, Houston, Los
Angeles, and New York. We estimate petroleum displacement by EVs for the seven cases shown in Table 8 . Petroleum consumption by EVs is due to two sources: the use of petroleum for electricity generation (shown in Table 8 ), and the use of petroleum products for processing fuels, e.g., coal, fuel oil, natural gas, and uranium, which are used for electric generation. While the estimate of the use of petroleum for electricity generation is straightforward, the estimate of the use of petroleum products as process energy for electric generation requires data on the amount of petroleum used in the whole fuel cycles for coal, fuel oil, natural gas, and uranium. Table 9 shows the amount of process energy used in the various fuel cycles, and the percentage of petroleum out of the total process energy consumption.
The formula for calculating EV petroleum consumption is
where PCev is the petroleum consumption of EVs in Btu per mile, EC is EV electricity consumption in Kwh per mile (from Table 5 ), 3412 is the conversion factor from Kwh to Btu, DL is the distribution loss of electricity from power plants to electric outlets (8%), %i is percent electricity generated from fuel i for an electric system (accounting all types of generation [from Table 8 ]), PEU i is process energy use in Btu per Btu of fuel i input to power plants (from Table 9 ), ~PEU i is the petroleum percent of process energy use for fuel i (from Table 9 ), i is the conversion effi ciency of p owe r plan ts fuel ed by fuel i (from Table 7 ) (i = I: coal; i = 2: NG; and i : 3: nuclear uranium]), %0ii is percent electricity generated from oil in an electricity system (from Table 8 ), PEU o is process energy use in Btu per Btu fuel oil input to power plants (from Table 9 ), ~PEU o is the petroleum percent of process energy use for fuel oil (from Table 9 ), and o is the conversion efficiency of oil plants (from Table 7 ).
We did not consider use of petroleum products for biomass production and process and for biomass power plants, because biomass power plants are projected to account for very small percentage of total power plants in the U.S. b From DeLuchi.47 Different petroleum products (residual oil, diesel fuel, and gasoline) are used for energy recovery, transportation, conversion, and storage. Electricity, a portion of which is generated from oil, is also used for processing energy. We considered this use of petroleum products and electricity to estimate percent petroleum out of process energy use. We assume that 4.5% of electricity generation is from petroleum. Other second-and third-round uses of petroleum (e.g., oil used to refine crude oil to the energy products which are used for transporting coal) are not included. 
where PCicev is the petroleum consumption of gasoline ICEVs in Btu per mile, MPG is fuel economy of ICEVs (from Table 2 ), 125,000 is the heating value gasoline in Btu per gallon, PEUg is process energy use in Btu per Btu of gasoline output (from Table g ), and ~PEUg is the percent process energy that is petroleum (from Table 9 ).
RESULTS

Primary Energy Consumption of ICEVs and EVs
The formula for calculating ICEV primary energy consumption is PECicev = 125,000/MPG/PEE (4) where PECicev is the primary energy consumption of ICEVs in Btu per mile, 125,000 is the heating value of gasoline in Btu per gallon, MPG is ICEV fuel economy (Table 2) , and PEE is the process energy efficiency from primary source recovery to gasoline in service stations (Fig. I) .
The formula of calculating EV primary energy consumption is PECev : 3412 x EC/PEE (5) where PECev is the primary energy consumption of EVs in Btu per mile, 3412 is the conversion factor from Kwh to Btu, EC is the electricity consumption of EVs in Kwh per mile (Table 5) , and PEE is the process energy efficiency from primary source recovery to electricity in an electric outlet (Fig. I ).
Using Eqs. (4) and (5) , and the data presented in previous sections, calculate the primary energy consumption of ICEVs and EVs, and show the results in Table 10 . The results of per-mile energy consumption presented in Table 10 The energy consumption of EVs fueled by different fuels can be also compared with that of petroleum-fueled ICEVs. Using the results presented in Table 10 , we calculate the primary energy consumption of EVs for the four primary sources, relative to primary energy consumption of petroleum-fueled ICEVs (Figs. 2 and 3 ). Fig. 2 shows that in 1995, EVs increase primary energy consumption by 8-30% (depending on type of vehicles), relative to petroleum consumption of ICEVs, if coal, petroleum, or NG is the primary source for EVs.
The primary energy consumption of EVs will be the twice as high as that of petroleum-fueled ICEVs if biomass is the primary source for EVs. The high biomass consumption of EVs is due to low biomass liquefaction efficiency and low coversion efficiency of biomass-fueled power plants. 
Petroleum Displacement by EVs
The results of the EV petroleum displacement analysis are presented in Table 11 . In many U.S. areas, EVs will reduce transportation petroleum use by over 90% in 1995 on a per-mile basis, and by over 95% in 2010. Thus, in most places EVs will reduce petroleum use almost in proportion to their VMT (vehicle miles traveled) penetration to the transportation sector. However, EVs will reduce petroleum use by 78% under the marginal fuel mix case, and by 63-65% in New York, both due to the higher use of oil-fired power. ICEVs, EVs will reduce energy consumption in both 1995 and 2010 because of low efficiency of converting coal to syn-gasoline. If petroleum, natural gas, or biomass is used for both EVs and ICEVs, EVs may decrease or increase primary energy consumption, depending on advances in EV technology. EVs will substaintially reduce petroleum use per mile relative to petroleum consumption of petroleum-fueled ICEVs in many parts of the U.S. where electric power is and will be derived primarily from non-petroleum sources.
